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Abstract
In this work, we evaluate the contributions of non-spectator effects to the lifetimes of Λb
and B-mesons. Based on the well-established models and within a reasonable range of the
concerned parameters, the contributions can reduce the lifetime of Λb by 7 ∼ 8% compared
to that of B-mesons which are not significantly affected. This might partly explain the
measured ratio τ(Λb)/τ(B
0) = 0.79 [1], which has been a long-standing discrepancy between
theory and experimental data.
1 Introduction
The heavy-flavor world provides us an opportunity to get insight into the fundamental physics.
The most intriguing problem at the present stage of the theoretical studies on hadron properties
and the processes of relatively low energies is lack of solid knowledge on non-perturbative QCD.
The non-perturbative QCD effects which govern the hadronic transition matrix elements, are
entangled with the hard subprocesses.
For the processes where some heavy flavors (b and/or c) are involved, by the heavy quark
effective theory(HQET) [2, 3], the short and long-distance QCD effects are separated in a sys-
tematic way. Beneke et al.[4] demonstrated how to correctly apply the factorization procedure
to the processes where heavy mesons transit into light ones.
On other side, there are still some unsolved problems in the heavy flavor physics. A protru-
dent problem is the lifetime of Λb. The present data for the ratios are [1]
τ(B−)
τ(Bd)
= 1.06 ± 0.04, (1)
τ(Λb)
τ(Bd)
= 0.79 ± 0.06. (2)
In the traditional spectator scenario, if there are no strong decay channels the weak decays
of b-hadrons as well as their lifetimes are fully determined by the weak decays of b-quark, thus
the above ratios must be very close to unity. For D-meson, the lifetime of D± is almost 2.55
times larger than that of D0. This difference is perfectly explained in the QCD framework by
many authors [5], where the non-spectator effects play a crucial role as the Pauli-Interference(PI)
strongly suppresses the total width of D± compared to D0, but the effects are not so obvious
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for B± and B0 due to the ΛQCD/mb suppression. We would think that the lifetimes of D±, D0
and B±, B0 are well understood, but for the τ(Λb) so far there is not a satisfactory answer to
the puzzle yet, it is also worth noticing that this problem is even more serious in the Λc lifetime
which we will discuss in our coming work.
As one attempts to explain the puzzle of the Λb lifetime, it is natural to consider the non-
spectator contributions. Even though the study of the lifetime difference of B± and B0 indicates
that the non-spectator contribution can only result in a small effect for B-meson cases because
of the ΛQCD/mb suppression, it still is necessary to investigate how large such effects can be in
the b-baryon case. Namely before one can claim a new physics or mechanism which result in the
difference, he has to thoroughly explore possible explanations in the standard QCD framework.
To calculate the lifetime, one only needs to deal with the inclusive processes which are
relatively simple compared to the exclusive processes, therefore the results are more reliable.
In this work we consider the contributions from the non-spectator effects to the lifetime of Λb.
At the quark level, the foundation is the weak effective Lagrangian [6]. We not only consider the
W-exchange(WE) diagrams and the Pauli interference(PI) diagrams 1where only two quarks take
part in the reaction with the other one being a spectator, but also account for the corresponding
diagram where all the three valence quarks are involved. The last mechanism does not exist in
the meson case, and seems to result in a difference between τ(Λb) and τ(B
0(B±)).
Moreover we also consider the diquark structure where the two light quarks constitute a
boson-like diquark of color anti-triplet and it participates in the reaction of WE or PI as a
whole subject. Then we compare the results obtained in the three-valence-quark picture and
the heavy-quark-light-diquark picture. It could also be a test of the supposed diquark structure
of baryons.
The most difficult task is to evaluate the hadronic transition matrix elements which are fully
governed by the non-perturbative QCD. Even though we are able to separate the long-distance
effects from the short distance subprocess, we still cannot evaluate the hadronic matrix elements
in a well-established way, but need to carry out a model-dependent calculation. In this work we
adopt the simplest non-relativistic harmonic oscillator model [10] for the hadron wavefunctions.
To obtain the concerned parameters in the model, we first evaluate the semi-leptonic decays of
Λb → Λc+e−+ ν¯ and B → D+e+ ν¯ which are not contaminated by the final state interactions.
Our results are comparable with the works on this aspect in the literatures [8] and a recent work
by Chakraverty et al [9]. Then with the parameters, we calculate the lifetimes of B-mesons and
Λb.
To evaluate the ratios τ(Λb)/τ(B
0) and τ(B±)/τ(B0), we calculate the non-spectator contri-
butions to the lifetimes of B0 and B± in the same model, namely we achieve the wavefunctions
of B0 and B± in the two-body harmonic oscillator model. Evaluating the hadronic matrix ele-
ments of < B | O | B > which appears in the semi-leptonic decay rate of B-mesons, and then
by fitting the data, we gain the model parameters. We hope that since we evaluate lifetimes of
both Λb and B-meson in the same model, the model-dependence of the theoretically evaluated
ratios can be partly cancelled, and the results would make more sense.
Our paper is organized as follows. After this introduction we briefly introduce the non-
relativistic harmonic oscillator model for Λb in the picture with three valence quarks and as
1Here PI refers to the mechanism where a constituent of the final state joins the b-quark of the initial state
at the effective vertex and vice versa. Namely there exists a crossing of constituent lines (see Figs.1 and 2 for
illustration). In the B-meson case, it is indeed a Pauli interference, but for the Λb it is only a manifestation of
such mechanisms.
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well as that with one heavy quark and one light diquark, then we discuss B-mesons in the same
model. In section 3, we calculate the semi-leptonic decays of B-mesons and Λb where we also
use the two pictures of 3-quark and quark-diquark structures respectively. In sect.4, we use the
model to evaluate the lifetimes of B-mesons and Λb, then in sect.5, we present our numerical
results. The last section is devoted to our conclusion and discussion.
2 The wavefunctions of b-hadrons in the non-relativistic har-
monic oscillator quark model
2.1 For the B-mesons
In the valence quark model, B-mesons contain a heavy quark b and one light flavor. The spatial
coordinates of the two constituents in B-mesons are denoted by rb and rq. It is convenient to
introduce the Jacobi coordinates R and ρ which are defined as
{
R =
mqrq+Mbrb
mq+Mb
,
ρ = rb − rq.
(3)
The corresponding canonical conjugate momenta P and pρ are respectively,
{
P = pb + pq,
pρ =
mqpb−Mbpq
Mb+mq
.
(4)
In the non-relativistic harmonic oscillator model, the normalized state vector is written as,
| BM (P, s) >= AM
∑
color,spin
Cssq,sbχsq,sbϕcolor
∫
d3pρψBM (pρ) | q(pq, sq); b(pb, sb) >, (5)
where χ, ϕ and ψ are the flavor-spin, color and spatial wavefunctions in the momentum space
respectively. AM is a normalization factor, thus | BM (P, s) > satisfies the normalization condi-
tion
< BM (P, s) | BM (P′, s′) >= (2pi)32ωP δ3(P−P′)δs,s′ . (6)
Cssq,sb are the Clebsch-Gordon coefficients for combining two spin-
1
2 constituent quarks into a
spin-0 meson. The wave function ψBM (pρ) is the ground state eigenfunction of the harmonic
oscillator hamiltonian and has the form
ψBM (pρ) = exp(−
p2ρ
2α2M
), (7)
where the parameter αM is a free parameter of the model and to be determined by fitting data
of semileptonic decays [8].
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2.2 For Λb
(a) 3-valence-quark model
In a non-relativistic quark model (NRQ), Λb contains a heavy quark b and two light quarks
(u and d). The spatial coordinates of the three quarks in Λb are denoted by rb, rq1 and rq2 .
Similar to the meson case, we also introduce the Jacobi coordinates R, ρ and λ defined as [11]

R =
mrq1+mrq2+Mbrb
2m+Mb
,
ρ = 1√
2
(rq1 − rq2),
λ =
√
Mb
2(2m+Mb)
(rq1 + rq2 − 2rb).
In this model, the normalized wavefunction of Λb has the form
| Λb(P, s) > = AB
∑
color,spin
Cssq1 ,sq2 ,sb
χspinϕcolor
∫
d3pρd
3pλψBB (pρ,pλ)
| q1(pq1 , sq1), q2(pq2 , sq2), b(pb, sb) >, (8)
thus the | Λb(P, s) > satisfies the normalization condition
< Λb(P, s) | Λb(P′, s′) >= (2pi)3MBB
ωP
δ3(P−P′)δs,s′ . (9)
Here Cssu,sd,sb are the Clebsch-Gordon coefficients for combining the three spin-
1
2 constituent
quarks into a spin-12 baryon and AB is a normalization factor. The spatial part of the wave
function ψBB (pρ,pλ) is the eigenfunction of the three-body harmonic oscillator hamiltonian
and has the form
ψBB (pρ,pλ) = exp(−
p2ρ
2α2ρ
− p
2
λ
2α2λ
), (10)
where the parameters αρ and αλ are free parameters and to be deterimined by fitting the data
of Λb → Λc + e− + ν¯.
(b) For the diquark picture.
In the diquark picture, the two light quarks constitute a boson-like subject in the color-anti-
triplet so called as diquark and Λb is supposed to be composed of the heavy quark b and one
light scalar diquark. In analog to the meson quark model, the spatial coordinates of the two
constituents in Λb are denoted by rb and rD, and we can also introduce the Jacobi coordinates
R and ρ: {
R =
mDrq+Mbrb
mD+Mb
,
ρ = rb − rD,
(11)
where mD is the diquark mass. In this model, the normalized state vector is written as
| Λ(D)b (P, s) >= AD
∑
color,spin
CssD ,sbχsD,sbϕcolor
∫
dpρψBD(pρ) | D(pD, sD), b(pb, sb) >, (12)
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where the superscript D denotes the diquark picture and | Λ(D)b (P, s) > satisfies the normaliza-
tion condition
< Λ
(D)
b (P, s) | Λ(D)b (P′, s′) >= (2pi)3
MBD
ωP
δ3(P−P′)δs,s′ . (13)
Here CssD,sb are the Clebsch-Gordon coefficients for combining one spin-
1
2 constituent quark b
and one spin-0 constituent diquark into a spin-12 baryon. The corresponding wave function
ψBD(pρ) is
ψBD (pρ) = exp(−
p2ρ
2α2D
), (14)
where the parameters αD is also a free parameter and should be determined by fitting the data
of Λb → Λc + e− + ν¯ in the heavy-quark-light-diquark structure.
3 The Semi-leptonic decays of b-hadrons
The matrix elements for the processes B−(B¯0) −→ D0(D+)eνe and Λb −→ Λceνe are expressed
as
M(s′, s) = GF√
2
VcbL
µHµ(s
′, s) (15)
with the leptonic and hadronic parts being
Lµ = u¯e(pe)γ
µ(1− γ5)υν(pν), (16)
Hµ(s, s
′) = < hc(P, s) | c¯(pc, sc)γµ(1− γ5)b(pb, sb) | hb(P ′, s′) >, (17)
where hb and hc are corresponding b and c hadrons and P
′, P are the four-momenta of hb and
hc respectively. Defining
K˜ ≡ P ′ − P, (18)
we obtain
dΓ
dP
= FHad
G2FV
2
cb
12
(K˜µK˜ν − K˜2gµν)
∑
spin
T µνhad, (19)
with
T hadµν = H
†
µHν. (20)
3.1 Semi-leptonic decays of B-mesons
In the rest frame of the B-meson (P ′ = (MB ,0)), we have{
pb = p
b
ρ,
pbq = −pbρ,
{
pc =
mc
mq+mc
P+ pcρ,
pcq =
mq
mq+mc
P− pcρ.
(21)
In the semileptonic decays, the light quark is indeed a spectator, so we have{
pbq = p
c
q,
P = pc − pb. (22)
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and the hadronic matrix element of B → D + e− + ν¯ is
Hµ = A
B
MA
D
M
∫
d3pbρd
3pcρψ
b∗
Mψ
c
M < cpc,sc, q¯pq,sq | c¯(pc, sc)γµb(pb, sb) | bpb,sb , q¯pq,sq >,
= (2pi)3ABMA
D
M
∫
d3pbρd
3pcρ exp [−(
pbρ√
2αB
)2 − ( p
c
ρ√
2αC
)2]
Eq
mq
δ3(pcρ − pbρ −
mq
mq +mc
P) c¯(pc, sc)γµb(pb, sb). (23)
Defining
pρ ≡ pbρ +
mqα
2
B
(mq +mc)(α
2
B + α
2
C)
P, (24)
we obtain
Hµ = (2pi)
3ABMA
D
M exp [−
m2qP
2
2(mq +mc)2(α2B + α
2
C)
]
∫
d3pρ
Eq
mq
exp [−α
2
B + α
2
C
2α2Bα
2
C
p2ρ] c¯scγµbsb . (25)
In the non-relativistic limit, we finally reach an expression as
dΓ
dP
=
G2FV
2
cb
2× 192(2pi)4MBMD (K˜
µK˜ν − K˜2gµν)
∑
spin
H†µHν . (26)
3.2 Semi-leptonic decay of Λb → Λc + e− + ν¯
(a) For the 3-valence-quark model
In the rest frame of Λb (P
′ = (MB ,0)), we have
pb = −
√
2mb
2m+mb
pbλ,
pbq1 =
√
mb
2(2m+mb)
pbλ +
1√
2
pbρ,
pbq2 =
√
mb
2(2m+mb)
pbλ − 1√2pbρ,

pc =
m
2m+mc
P−
√
2mc
2m+mc
pcλ,
pcq1 =
m
2m+mc
P+
√
mc
2(2m+mc)
pcλ +
1√
2
pcρ,
pcq2 =
m
2m+mc
P+
√
mc
2(2m+mc)
pcλ − 1√2pcρ,
(27)
and 
pbq1 = p
c
q1
,
pbq2 = p
c
q2
,
P = pc − pb.
(28)
Thus
Hµ = (2pi)
6AΛbAΛc [
4(2m +mc)
mc
]
3
2
∫
d3pbλd
3pbρd
3pcλd
3pcρ
Eq1Eq2
m2
exp [−( p
b
ρ√
2αbρ
)2 − ( p
b
λ√
2αbλ
)2 − ( p
c
ρ√
2αcρ
)2 − ( p
c
λ√
2αcλ
)2]
δ3(pcρ − pbρ)δ3(pcλ − a1pbλ + a2P)c¯(pc, sc)γµ(1− γ5)b(pb, sb). (29)
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Defining  pρ ≡ p
b
ρ,
pλ ≡ pbλ −
m
√
2mb(2m+mb)α
b2
λ
mc(2m+mb)α
c2
λ
+mb(2m+mc)α
b2
λ
P,
(30)
we have
Hµ = (2pi)
6AΛbAΛc [
4(2m +mc)
mc
]
3
2 exp [−a3P 2]
∫
d3pλd
3pρ
Eq1Eq2
m2
exp [−α
b2
ρ + α
c2
ρ
2αc2ρ α
b2
ρ
p2ρ − a4p2λ]c¯(pc, sc)γµ(1− γ5)b(pb, sb) (31)
and 
a1 = [
mb(2m+mc)
mc(2m+mb)
]
1
2 ,
a2 = m[
2
mc(2m+mc)
]
1
2 ,
a3 =
m2(2m+mb)
(2m+mc)[mc(2m+mb)α
c2
λ
+mb(2m+mc)α
b2
λ
]
,
a4 =
mc(2m+mb)α
c2
λ
+mb(2m+mc)α
b2
λ
2mc(2m+mb)αc2ρ α
b2
ρ
,
(32)
then the final expression is reached
dΓ
dP
=
(2pi)2G2FV
2
cb
192
(K˜µK˜ν − K˜2gµν)
∑
spin
H†µHν . (33)
(b) For the diquark Model
Now let us turn to the model for the quark-diquark structure. In analog with the B-meson
case, the semileptonic decay can be evaluated with the two-body wavefunction and then Hµ is
Hµ = 2(2pi)
3AbDA
c
D exp [−
m2DP
2
2(mD +mc)2(αb2D + α
c2
D )
]
∫
d3pρωD exp [−α
b2
D + α
c2
D
2αb2Dα
c2
D
p2ρ] c¯scγµ(1− γ5)bsb (34)
and
dΓ
dP
=
4G2FV
2
cb
192(2pi)4
(K˜µK˜ν − K˜2gµν)
∑
spin
H†µHν . (35)
4 Inclusive decays of b-hadrons
(a) The spectator contributions to the lifetimes of Λb, B
± and B0
With quark-hadron duality and the optical theorem, the full inclusive decay width corre-
sponding to the lifetime of a heavy hadron hb(containing a heavy quark b) is related to the
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absorptive part of the forward scattering matrix element
Γ(hb → X) = 1
ρNi
∑
spin,f
∫
d
∏
f
(2pi)4δ4(pi − pf ) | M(HQ → X) |2
=
1
ρNi
∑
spin
2ImM(HQ → HQ)
=
2
ρNi
Im
∫
d4x < HQ | Tˆ | HQ >= 2
ρNi
< HQ | Γˆ | HQ > (36)
where
Tˆ = T{iLeff (x),Leff (0)}, (37)
and ρ,Ni are the state density factors and Leff is the relevant effective weak Lagrangian which
is responsible for the decay. For the concerned final state X with the designated quark-antiquark
combination, up-to order 1/m3Q one finds [5, 7]:
Γ(HQ → X) =
G2Fm
2
Q
192pi3
| V (CKM) |2 {cX3 < HQ | Q¯Q | HQ > +cX5
< HQ | Q¯iσ ·GQ | HQ >
m2Q
+
∑
i
cX6,i
< HQ | (Q¯Γiq)(q¯ΓiQ) | HQ >
m3Q
+O(1/m4Q)}. (38)
Here only the heavy quark (b,c quark) decays are concerned. In the spectator scenario, the
light flavor(s) in the heavy meson (baryon) remains as a spectator. We can write the spectator
contribution as
Γspec =
∑
l=e,µ,τ
Γb→clν¯l +
∑
q=u,d,s,c
Γb→cq¯q. (39)
The pure b-quark decay rates of b→ cu¯s, cu¯d+ceν¯e,cµν¯µ and cτ ν¯τ have been carefully evaluated
by Bagan et al. [12] as
Γ(b→ cu¯s+ cu¯d) = (4.0 ± 0.4)Γb→ceν¯e ,
Γ(b→ cτ ν¯τ ) = 0.25Γb→ceν¯e , (40)
and the measured semileptonic branching ratio is given in ref.[12] as B(b→ ceν¯e) = (11.6±1.8)%.
The theoretically formula at the tree level reads
Γ(b→ ceν¯e) =| Vcb |2 G
2
Fm
5
b
192pi3
[1− 8(mc
mb
)2 − 12(mc
mb
)4 ln
m2c
m2b
+ 8(
mc
mb
)6 − (mc
mb
)8]. (41)
The semi-leptonic and non-leptonic decay rates of b-quark up-to order 1/m2b have been evalu-
ated by many authors [5]. In our numerical computations we need to use their formulas, for the
readers’ convenience we collect them in Appendix A.
(b) The non-spectator contributions to the inclusive decays of b-hadrons.
The total width of a b-hadron decay (the lifetime) includes two contributions
Γ(HQ → X) = Γspecb + Γnonb , (42)
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where the superscripts spec and non refer to the spectator and non-spectator contributions
respectively. To estimate the non-spectator contribution to b-hadron decays, the basis is the
weak effective Lagrangian [13],
Heff = 4GF√
2
Vcb { c1(mb)[d¯′γµLuc¯γµLb+ s¯′γµLcc¯γµLb]
+ c2(mb)[c¯γ
µLud¯′γµLb+ c¯γµLcs¯′γµLb]
+
∑
l=e,µ,τ
l¯γµLνec¯γµLb}, (43)
where d′ = d cos θc + s sin θc, s′ = s cos θc − d sin θc and θC is the Cabibbo angle. Heff can be
further written as
Heff = 4GF√
2
[ V ∗ubVuq(c1u(µ)O
u
1 + c2u(µ)O
u
2 ) + V
∗
cbVuq(c1c(µ)O
c
1 + c2c(µ)O
c
2)
− V ∗tbVtq
6∑
i=3
ci(µ)Oi], (44)
where the operations are
OQ1 = Q¯γ
µLbq¯γµLu,
OQ2 = Q¯iγ
µLbj q¯jγµLui,
O3,5 = q¯γ
µLb
∑
q′
q¯′γµL(R)q′,
O4,6 = q¯iγ
µLbj
∑
q′
q¯′jγµL(R)q
′
i, (45)
and L(R) = 1∓γ52 , q
′ is summed over u, d, s, c, b and t, q can be s or d, i and j are the color indices.
(c) Inclusive decays of B-mesons
The non-spectator operators for B-meson decays have been given [13], because of the Cabibbo
suppression the W-exchange (WE) process only exists for B0 and the PI-process applies uniquely
to B±. One can have [5]
ΓˆB
±
PI =
2G2Fm
2
b
pi
| Vcb |2 (1− z)2{[2c1c2 + 1
Nc
(c21 + c
2
2)]O
u
V −A + 2(c
2
1 + c
2
2)T
u
V−A)}, (46)
ΓˆB
0
WE = −
2G2Fm
2
b
3pi
| Vcb |2 (1− z)2{(2c1c2 + 1
Nc
c21 +Ncc
2
2)
[(1 +
z
2
)Od
′
V−A − (1 + 2z)Od
′
S−P ] + 2c
2
1[(1− z)T s
′
V −A − (1 + 2z)T s
′
S−P ]}, (47)
where z = m
2
c
m2
b
and Nc = 3. The local four-quark operators appearing in this expression are
OqV−A = b¯γ
µLqq¯γµLb,
OqS−P = b¯Lqq¯Rb,
T qV−A = b¯γ
µLT aqq¯γµLT
ab,
T qS−P = b¯LT
aqq¯RT ab, (48)
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where T a = λa2 are the generators of the color SU(3). The hadronic matrix element is
ΓBqnon =
1
MBq
< Bq | ΓˆBqnon | Bq >
=
1
MBq
| AM |2
∑
color,spin
∫
d3p′ρd
3pρψ
∗
Bq
(p′ρ)ψBq (pρ)
< q¯(p′q, s
′
q), b(p
′
b, s
′
b) | ΓˆBqnon | q(pq, sq), b(pb, sb) > . (49)
It is reasonable to assume that the quarks in the bound states are only slightly off-shell, we can
carry out the calculation of the matrix elements in our model described in last section.
ΓB
±
PI =
3G2Fm
2
b
piMB0
| Vcb |2 [2c1c2 + 1
Nc
(c21 + c
2
2)](1− z)2 | AB± |2
∑
spin
∫
d3p′ρd
3pρ exp[−
p′2ρ + p2ρ
2α2
B±
] b¯γµLuu¯γµLb, (50)
ΓB
0
WE = −
G2Fm
2
b
piMB0
| Vcb cos θc |2 [2c1c2 + c
2
1
Nc
+Ncc
2
2](1− z)2 | AB0 |2
∑
spin
∫
d3p′ρd
3pρ
exp[−p
′2
ρ + p
2
ρ
2α2
B0
]{(1 + z
2
)b¯γµLdd¯γµLb+ (1 + 2z)b¯Ldd¯Lb}. (51)
(d) The inclusive Decays of Λb
(1) For the 3-valence-quark model
The concerned non-spectator Feynman diagrams are shown in Fig.1 (a), (b) and (c). One of
the light valence quarks and the b-quark exchange a W-boson while the other light quark stands
by as a spectator. Fig.1 (c) is a PI diagram2 where three quarks take part in the reaction. Due
to the CKM entries, other diagrams are much suppressed compared to that in Fig1.(a),(b) and
(c), thus can be neglected.
ΓˆΛbWE =
G2FM
2
+
pi
| VcbVuq |2 (1− z+)(1− 8z+){[c21c + c22c +
2c1cc2c
Nc
]OcV−A + 4c1cc2cT
c
V−A)},
ΓˆΛbPI = G
2
F | VcbVud |2
4mcΓc
(p2c −m2c)2 +m2cΓ2c
{c21cO˜V−A(bi, bi, uj , dj , dk, uk)
+c22cO˜V−A(bi, bj , uk, di, dj , uk) + 2c1cc2cO˜V−A(bi, bj , uk, dk, dj , ui)}
(gµλpνc − gνλpµc + gµνpλc − iεµνλρpcρ), (52)
2As discussed in the previous footnote, in fact, this PI diagram is not exactly the Pauli Interference diagrams
discussed in the literature. In the diagram a quark from the initial state crosses with one from the final state.
One can see that a quark from the ”right” state joins the ”left” vertex and vice versa, thus for such a situation,
we just keep the terminology as ”PI” diagrams.
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where z+ =
m2c
M2
+
and M2+ = (pb + pu)
2 ≈ m2b , pc = pb + pu − pd and the relevant four-quark
operators are
OcV −A = b¯γ
µLbu¯γµLu,
T cV−A = b¯γ
µLT abu¯γµLT
au,
O˜V −A = b¯γµLbu¯γνLdd¯γλLu. (53)
The hadronic matrix elements are evaluated in the non-relativistic harmonic oscillator model as
ΓWE = < Λb(P = 0) | ΓˆWE | Λb(P′ = 0) >
= (2pi)3 | AΛb |2
∑
color,spin
∫
d3p′ρd
3p′λd
3pρd
3pλ
Ed
m
δ3(p′d − pd)
exp[−p
′2
ρ + p
2
ρ
2α2ρ
− p
′2
λ + p
2
λ
2α2λ
] < u(p′u, s
′
u), b(p
′
b, s
′
b) | ΓˆWE
| (pu, su), b(pb, sb) > . (54)
Setting
k = pb − p′b, (55)
we have  p
′
ρ = pρ +
1√
2
k,
p′λ = pλ +
√
2m+mb
2mb
k,
thus {
p˜ρ =
√
2pρ +
1
2k,
p˜λ =
√
2pλ +
1
2
√
2m+mb
mb
k.
We finally achieve
ΓWE = (2pi)
2G
2
FM
2
+
4
| VcbVuq |2 (c1c − c2c)2(1− z+)(1 − 8z+)[9(2m +mb)
8mb
]
3
2 | AΛb |2∑
spin
∫
d3p˜ρd
3p˜λd
3k
Ed
m
exp[− p˜
2
ρ
2α2ρ
− p˜
2
λ
2α2λ
− mbα
2
λ + (2m+mb)α
2
ρ
8mbα2ρα
2
λ
k2]
b¯γµ(1− γ5)bu¯γµ(1− γ5)u, (56)
and
ΓPI = < Λb(P = 0) | ΓˆPI | Λb(P′ = 0) >
=
G2F
4
| VcbVud |2 (c1c − c2c)2 | AΛb |2
∑
spin
∫
d3p′ρd
3p′λd
3pρd
3pλ
mcΓc
(p2c −m2c)2 +m2cΓ2c
exp[−p
′2
ρ + p
2
ρ
2α2ρ
− p
′2
λ + p
2
λ
2α2λ
]
b¯γµ(1− γ5)bu¯γν(1− γ5)dd¯γλ(1− γ5)u(gµλpνc − gνλpµc + gµνpλc − iεµνλρpcρ). (57)
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(2) The quark-diquark structure
(i) Now we consider the non-spectator effects in the quark-diquark scenario. In this picture,
b-quark and the light diquark exchange a W-boson as
b+D → c+D′, (58)
where D and D′ are scalar or vector diquarks. Supposing that the diquarks of Λb and Λc are
in ground states, i.e. D and D′ are scalars only. The corresponding Feynman diagrams for the
non-spectator contributions to the inclusive decay rate of Λb are shown in Fig.2. The effective
diquark-W-boson interaction vertex was given[15]
Vs = −iGs(q1 + q2)µWµ, for DWD′ (59)
where D and D′ stand for scalar diquarks, q1 and q2 are the four-momenta of D,D′, Gs is a form
factor which is determined by fitting data [15] and generally one can recast it as
Gs =
gs
2
√
2
Fs(Q
2), (60)
with
Fs(Q
2) =
α¯s(Q
2)Q20
Q20 +Q
2
. (61)
The form factor represents the inner structure of the diquark. α¯s(Q
2) is the effective non-
perturbative QCD coupling constant and takes a reasonable value similar to that used in the
potential model. The transition amplitude for b(p1) +D(q1)→ c(p2) +D′(q2) via the W-boson
exchange reads as
T seff =
GF√
2
(VcbV
∗
ud)c¯γµ(1− γ5)b(q1 + q2)µFs(Q2). (62)
The same process can occur via the penguin-induced effective vertex. The transition b(p1)+
D(q1)→ c(p2) +D′(q2) via the penguin, where a virtual gluon is exchanged between the quark
and diquark, and the formulation is similar to that for W-boson exchange. The effective vertex
for b→ s+ g is given [14] as
V aµ =
GF√
2
gs
4pi2
(VtbV
∗
ts)s¯t
a[△F1(q2γµ − qµq/)L− F2iσµνqνmbR]b, (63)
with △F1 = F t1 − F c1 , F t1 ≈ 0.25, F c1 = −23 ln m
2
c
M2
W
≈ 5.3, F2 ≈ 0.2.
Thus we can ignore the F2 part and the transition amplitude is
T seff =
GF√
2
αs
pi
(VtbV
∗
ts)s¯it
a
ijγµbjt
a
lm△F1Fs(Q2)(q1 + q2)µ. (64)
(ii) The effective operators for the inclusive processes of Λb
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The weak W-exchange (WE) operator is
ΓˆtreeWA =
G2F M˜
2
+
8pi
| VcbVud |2 (1− z˜+)b¯[(
M˜2+
2
−m2c)(pD/ + p′D/ ) + (
3M˜2+
4
− 3m2c)p+/ +
1
2
p′D/ p+/ pD/ ]LbF
2
s ,(65)
where pb, p
′
b, pD and p
′
D are the four momenta of the initial and final b-quarks and diquarks,
p+ = pb + pD, M˜
2
+ = (pb + pD)
2 ≈M2Λb and z˜+ =
m2c
M˜2
+
.
For the Pauli-interference operators (PI), it is noted that as we indicated in the previous
footnote that Pauli interference here is only a terminology for such classes of Feynman diagrams,
because the duquark is a boson-like subject, so by no means needs to obey the Pauli principle.
There are contributions from both the tree and penguin mechanisms to the Pauli interference
(PI) operators. In non-relativistic limit, Q2i ∼ Q2f ∼ 0,and Fs ∼ α¯s(Q2), they are
ΓˆtreePI =
G2F M˜
2
−
8pi
| VcbVud |2 (1− z˜−)b¯[(
3M˜2−
4
− 3m2c)p−/ − (
M˜2−
2
−m2c)(pD/ + p′D/ ) +
1
2
pD/ p−/ p′D/ ]LbF
2
s ,(66)
ΓˆpenguinPI =
G2F
(4pi)3
α2s | VtbVts |2 b¯k[M˜2−(
3
2
p−/ − p′D/ − pD/ ) + pD/ p−/ p′D/ ]bjtakitamntbijtbnl(△F1)2F 2s , (67)
where p− = pb − p′D. M˜2− = (pb − pD)2 ≃ (mb −mD)2 and z˜− = m
2
c
M˜2
−
. In the operators, we set
the current quark mass of s-quark to be zero. Sandwiching the operators between initial and
final Λb states of the forward scattering, we obtain the hadronic matrix elements as
ΓtreeWE = < Λb(P = 0, s) | ΓˆtreeWE | Λb(P = 0, s) >
=
G2F M˜
2
+
8pi
| VcbVud |2 (1− z˜+) | AΛb |2
∑
spin
∫
d3p′ρd
3pρ exp[−
p′2ρ + p2ρ
2α2D
]
b¯[(
M˜2+
2
−m2c)(pD/ + p′D/ ) + (
3M˜2+
4
− 3m2c)p+/ +
1
2
p′D/ p+/ pD/ ]LbF
2
s , (68)
ΓtreePI = < Λb(P = 0, s) | ΓˆtreePI | Λb(P = 0, s) >
=
G2F M˜
2
−
8pi
| VcbVud |2 (1− z˜−) | AΛb |2
∑
spin
∫
d3p′ρd
3pρ exp[−
p′2ρ + p
2
ρ
2α2D
]
b¯[(
3M˜2−
4
− 3m2c)p−/ − (
M˜2−
2
−m2c)(pD/ + p′D/ ) +
1
2
pD/ p−/ p′D/ ]LbF
2
s , (69)
ΓpenguinPI = < Λb(P = 0, s) | ΓˆpenguinPI | Λb(P = 0, s) >
=
11G2F
18(4pi)3
α2s | VtbVts |2| AΛb |2
∑
spin
∫
d3p′ρd
3pρ exp[−
p′2ρ + p
2
ρ
2α2D
]
b¯[M˜2−(p
′
D/ + pD/ +
3
2
p−/ ) + pD/ p−/ p′D/ ]b(△F1)2F 2s . (70)
13
5 The Numerical Results
To evaluate the lifetimes of B0, B± and Λb, the input parameters are taken as follows
Vud = 0.9742, Vus = 0.219, Vtb = 0.9993, Vts = 0.035, Vcb = 0.037,
Nc = 3.0,mb = 4.79GeV,mc = 1.25GeV,mu = mq = 0.40GeV,
mD = 0.6GeV,mB0 = 5.28GeV,mB± = 5.28GeV,mΛb = 5.6GeV,
and the current quark masses m¯u = m¯d = m¯s = 0. In addition, in the diquark model, we take
the values given in ref.[15],
△F1 = −5.05; Q20 = 3.22GeV2; αs(m2b) = 0.246; αs = 0.87.
Meanwhile the pure b-quark decay rate has been evaluated by Bagan et al [12] as
Γb = 4.13 × 10−13GeV. (71)
(a) For the heavy B-mesons
The experimental data of B0 and B− are [1]
τB0 = (1.548 ± 0.032)ps,
BR(B¯0 → D+eν¯e) = (2.10 ± 0.19)%,
ΓSL(B¯
0 → D+eν¯e) = (8.121 ∼ 9.737) × 10−15GeV.
(72)
and 
τB± = (1.653 ± 0.028)ps,
BR(B− → D0eν¯e) = (2.15 ± 0.22)%,
ΓSL(B
− → D0eν¯e) = (7.685 ∼ 9.347) × 10−15GeV.
(73)
Fitting the data of the semi-leptonic decays of B, we obtain the corresponding parameters
αB0 and αB± in the wavefunctions as
αB0 = 0.573;αB± = 0.541;
(74)
With the Wilson coefficients evaluated in ref.[13]
c1 = 1.105; c2 = −0.245.
we get the theoretical values of the lifetimes of B-mesons which are shown in Table.1:
τBq(ps) ΓBq × 10−13GeV ΓWE/Γb ΓPI/Γb
B0 1.56 4.17 1.0%
B± 1.63 4.05 −1.9%
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Table 1: The lifetimes of B0 and B± evaluated in our model with the parameters obtained
by fitting data of the semi-leptonic decays, where ΓBq = Γb + Γnon.
Thus theoretical result is τ(B−)/τ(Bd) = 1.03. which is in general consistent with the data.
(b) For the heavy baryon Λb
The experiment data of Λb are given [1]
τΛb = (1.229 ± 0.080)ps,
BR(Λb → Λceν¯e) = (7.9 ± 1.9)%,
ΓSL(Λb → Λceν¯e) = (3.213 ∼ 5.249) × 10−14GeV.
(75)
By fitting the data of the semi-leptonic decays of Λb, we get the corresponding parameters which
are presented in Table 2. Since the measured ΓSL which is the input parameter for our model,
has a relatively large tolerance range, the model parameters can accordingly take various values,
here we adopt four typical values ΓSL−σ, ΓSL, ΓSL+σ and ΓSL+2σ, as input. ΓSL and σ are
the central value and standard deviation of the measured decay rate[1].
Γ(Λb → Λceν¯e)× 10−14GeV αΛbρ αΛbλ αΛcρ αΛcλ αΛbDi αΛcDi
3.213 (a) 0.215 0.601 0.101 0.364 0.669 0.435
4.231 (b) 0.221 0.627 0.114 0.377 0.712 0.463
5.294 (c) 0.234 0.657 0.127 0.394 0.745 0.486
6.267 (d) 0.255 0.674 0.142 0.411 0.788 0.502
Table 2: These four sets of parameters which are obtained by fitting data of semi-leptonic decay
Λb → Λceν¯e and corresponding to (a) (ΓSL − σ), (b) ΓSL, (c) (ΓSL + σ) and (d) (ΓSL + 2σ)
respectively.
With these parameters we can numerically calculate the lifetime of Λb similarly to what we
have done for B0 and B±. The results are shown in Table 3.
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Theory Values τΛb(ps) ΓΛb × 10−13Gev ΓWAnon/Γb ΓPInon/Γb
3-valence-quark model (a) 1.50 4.39 6.4% less than 1%
diquark Model (a) 1.50 4.36 5.6% less than 1%
3-valence-quark model (b) 1.48 4.44 7.5% less than 1%
diquark Model (b) 1.50 4.40 6.6% less than 1%
3-valence-quark model (c) 1.46 4.50 9.0% less than 1%
diquark Model (c) 1.48 4.44 7.4% less than 1%
3-valence-quark model (d) 1.43 4.60 11.3% less than 1%
diquark Model (d) 1.47 4.49 8.6% less than 1%
Table 3: The lifetime of Λb evaluated in our model with different sets of the parameters
obtained by fitting data of the semi-leptonic decays, and ΓΛb = Γb + Γnon.
The theoretical results indicate that τ(Λb)/τ(Bd) ∼ 0.91 ∼ 0.95 in the 3-valence quark model
and τ(Λb)/τ(Bd) ∼ 0.93 ∼ 0.96 in the diquark model while the measured value of the ratio is
0.79.
6 Conclusion and Discussion
The Standard Model (SM) is definitely responsible for the weak transition and the lifetimes
of B-mesons, as well as Λb because they do not have strong decay channels. By the common
understanding, such inclusive decay modes are dominated by the spectator mechanism, namely
the decay rate is almost fully determined by the decays of the heavy flavor in the hadron.
However, some puzzles in b-physics emerge as indicated by many authors [17], such as the
lifetime of Λb, charm number missing in B decays etc. Among them the lifetime of Λb raises the
most challenging problem.
Bigi et al. discussed the lifetime difference of D± and D0 [5], they showed that the non-
spectator effects play a crucial role to the lifetimes. In fact, the Pauli interference(PI) mechanism
greatly suppresses the decay rate of D± compared to D0, and QCD can almost perfectly explain
why τ(D±) ∼ 2.55τ(D0), but τ(B±) ∼ τ(B0). Therefore it is natural to consider to take into
account the non-spectator effects for evaluating the lifetime of Λb. Even though as Bigi et al.
indicated, such effects are not so important for b-physics, one may still think that the contri-
butions may be not negligible, because the baryon structure is different from that of mesons,
at least there are two light valence quarks and each of them can join the b-quark to make a
non-spectator contribution. Moreover, there is a diagram where three valence quarks(b u d) par-
ticipate in the reaction (see Fig1(c)), and it does not appear for the meson case. Unfortunately
our numerical results indicate that this contribution is too small to result in any substantial
change to the lifetime of Λb.
The derivation at quark level is standard, the main difficult part comes from the evaluation
of the hadronic matrix elements. We employ the simplest non-relativistic harmonic oscillator
model which has been proved to be successful in phenomenology, but definitely is not accurate.
We determine the concerned parameters by fitting the data of semi-leptonic decays and then
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use them to evaluate the lifetimes. In the process we can reduce the errors and uncertainties in
the model-dependent calculation. Then we repeat the procedure with the same model to deal
with the B mesons, thus when we compute the ratios of τ(B±)/τ(B0) and τ(Λb)/τ(B0), the
model-dependence is further reduced.
For Λb, we employ two pictures, the three-valence-quark picture and one-heavy-quark-one-
light-diquark picture to evaluate the lifetime of Λb, the result obtained in the two pictures are
qualitatively consistent.
Our numerical results indicate that the non-spectator effects can only result in about at
most 7% reduction of the lifetime of Λb whereas the experimental data demand a 21% reduction.
Therefore we can claim that the non-spectator contribution is sizable and cannot be neglected,
taking into account the effects can remarkably alleviate the discrepancy which was not improved
by just changing the matrix element parameters [16]. However, on the other side, the discrepancy
still stands and demands a more satisfactory explanation. Because the large fraction of 21%
deviation in the ratios cannot be compensated by only the non-spectator effects, there must
be some unknown mechanisms which induce the difference between baryon and meson. For
example, the proposed three-body force in baryons [2] might lead to a dramatic difference
between baryon and meson, all these mechanisms are worth careful studies and may provide
us with better understanding of the hadron structure and fundamental interactions.
As the verbal work of the paper is near completion, we notice Gabbiani et al’s work[18], they
also evaluate the non-spectator effects on the lifetime of Λb, even though in a different approach,
our results are consistent with theirs.
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Appendix A
The semileptonic and non-leptonic decay rates of b-quark up to order 1/m2Q are given as
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following[19].
ΓSL(Hb) = Γ
(b)
0 η(xc, xl, 0)[I0(xc, 0, 0) < Hb | b¯b | Hb > −
2 < µ2G >Hb
m2b
I1(xc, 0, 0)]
ΓNL(Hb) = Γ
(b)
0 Nc{(c21 + c22 +
2c1c2
Nc
)[(αI0(xc, 0, 0) + βI0(xc, xc, 0)) < Hb | b¯b | Hb >
− 2 < µ
2
G >Hb
m2b
(I1(xc, 0, 0) + I1(xc, xc, 0))]
− 8 < µ
2
G >Hb
m2b
2c1c2
Nc
(I2(xc, 0, 0) + I2(xc, xc, 0))]}, (76)
where
Γ
(b)
0 =| Vcb |2
G2Fm
5
b
192pi3
, (77)
and the following notations have been adopted : I0,I1 and I2 are the phase-space factors, namely
I0(x, 0, 0) = (1− x2)(1 − 8x+ x2)− 12x2 log x,
I1(x, 0, 0) =
1
2
(2− x d
dx
)I0(x, 0, 0),
I2(x, 0, 0) = (1− x)3,
I0(x, x, 0) = v(1− 14x− 2x2 − 12x3) + 24x2(1− x2) log 1 + v
1− v ,
I1(x, x, 0) =
1
2
(2− x d
dx
)I0(x, x, 0),
I2(x, x, 0) = v(1 +
x
2
+ 3x2)− 3x(1 − 2x2) log 1 + v
1− v ,
xc =
m¯2c
m2b
, v =
√
1− 4x, (78)
with I0,1,2(x, x, 0) describing the b→ cc¯s transitions. η(xc, xl, 0) is the QCD radiative correction
to the semileptonic decay rate and its general analytic expression is given in [20]. In a special
case the expression of η(x, 0, 0) is given in [21] and numerically it can be approximated as [22, 23].
η(x, 0, 0) ∼= 1− 2αs
3pi
[(pi2 − 31
4
)(1 −√x)2 + 3
2
]. (79)
For the decay b→ cτ ν¯, according to ref.[12] we roughly have
Γ(b→ cτ ν¯τ ) ∼ 0.25Γb→eν¯e . (80)
For the dimension-three operator Q¯Q, the expectation value can be expressed as
< HQ | Q¯Q | HQ >= 1−
< (pQ)
2 >HQ
2m2Q
+
< µ2G >HQ
2m2Q
+O(1/m3Q), (81)
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where < (pQ)
2 >≡< HQ | Q¯(iD)2Q | HQ > denotes the average kinetic energy of the quark Q
moving inside the hadron and < µ2G >≡< HQ | Q¯ i2σ ·GQ | HQ >.
According to ref.[19] the kinetic energies of b and c quarks are respectively
< (pb)
2 >B
2m2b
≃ 0.016. (82)
For the QCD operator, one finds < µ2G >PQ≡ 32mQ(MVQ −MPQ), where PQ and VQ denote the
psendoscalar and vector mesons, respectively.
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Figure 1: The Feynman diagrams for the non-spectator effects in the 3-valence-quark-picture
picture, (a) is the WE and (b) is the PI where only one of the light quarks exchanges W-boson
with the b-quark while the rest one stands by as a spectator. The Pauli interference is only a
terminology and its real meaning is explained in the footnote of the text. Fig.1 (c) refers to a
”PI” and ”WE” mixed Feynman diagram where all the three quarks take part in the reaction.
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Figure 2: The Feynman diagrams for the non-spectator effects in the one-heavy-quark-one-light-
diquark picture, (a) is the WE, and (b) is PI where the light diquark exchanges W-boson with
the b-quark. The Pauli interference is only a terminology.
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